Background: Guard cells perceive external and internal stimuli and regulate stomatal conductance in plants. With the use of gas exchange analyzers, time-resolved stomatal conductance responses to light intensity, [CO 2 ] concentration and relative humidity changes can be measured. This is more difficult to achieve when measuring stomatal responses to small soluble molecules such as the plant hormone abscisic acid (ABA) or the bacterial peptide flagellin 22 (flg22), in particular when investigating mutants with response phenotypes.
Background
Plants respond to environmental change in order to maximize growth and reproduction. Stomata are specialized pores found on the surface of leaves that can both perceive and respond to external stimuli. Stomata gate CO 2 uptake for photosynthesis and water loss through transpiration. Stomatal movements are ultimately controlled by guard cell turgor changes.
Stomatal movements can be controlled by external stimuli such as light intensity/quality [1] [2] [3] [4] , relative humidity [5] [6] [7] and CO 2 concentration [CO 2 ] changes [8, 9] . With the use of gas exchange analyzers, these parameters can be tightly controlled, and time-resolved stomatal conductance analyses have become a standard for investigating responses to these signals. On the other hand, small molecules such as the plant hormone abscisic acid (ABA) [10] and the bacterial peptide flagellin 22 (flg22) [11] can also affect stomatal movements, but quantifying kinetic responses to small molecules is more difficult as these cannot be reliably added to a gas exchange chamber. Leaf epidermal peels can be isolated and treated with these and other molecules and stomatal apertures can be measured [12] . Although this technique is broadly used, there are limitations that have to be considered, including: (a) the small and variable size of the stomata in species such as Arabidopsis thaliana, (b) the small area of the leaf that is evaluated by using microscopic images, (c) the invasive method of removing the epidermal peels, lacking putative important signals from the mesophyll [13, 14] and other parameters including mechanical constraints [6, 7] and (d) time-resolved measurements of the same individual stomata is labor-intensive.
Here, we propose an optimized method, which allows for time-resolved measurements of stomatal conductance and thus the kinetic response of the ensemble of hundreds of stomata in parallel to small molecules in intact leaves of both Arabidopsis and the grass model Brachypodium distachyon. The proposed technique is described here in detail and can provide a potent alternative for measuring the effect of small molecules on both the magnitude and the dynamics of stomatal movement responses.
Methods

Plant material and growth conditions
Arabidopsis thaliana, accession Columbia-0 (Col-0) and Brachypodium distachyon accession Bd21-3 were used as wild type references. Arabidopsis seeds were surface sterilized as described elsewhere [15] and coldtreated for 48 h at 4 °C. Seeds were germinated on half strength Murashige and Skoog [16, 17] basal medium supplemented with Gamborg's vitamins (Sigma-Aldrich), 0.8% Phytoagar (Difco, Franklin Lakes, NJ, USA), 4-Morpholinoethane sulfonic acid (2.6 mM; SigmaAldrich) and the pH was adjusted to 5.8. Seedlings were transferred from plates to pots containing sterilized premixed soil (Sunshine Professional Blend LC1 RS; Sunshine) after 7-10 days and grown under the following conditions: 12 h light/12 h dark, 21 °C, 85-90% humidity and 90-110 µmol m −2 s −1 light. Growth of plants at this relatively high humidity was found to be helpful for investigating stimulus-induced stomatal closing in the present study.
In order to promote the growth of the leaves and the development of long and thick petioles, seedlings were kept under a transparent tray dome (7'' height, vented humidity dome) for 2 weeks and fertilized (technigro ® sunshine fertilizer, 0.66 g L −1 of water) twice before the beginning of the experiments: first, after seedlings were transferred to pots, and second, after removing the humidity domes. Plants were ready for experiments 5-6 weeks after being transferred to pots. The pip quadruple mutant pip1;1 pip1;2 pip2;1 pip2;2 was generated by crossing pip1;1 (GK_437B11), pip1;2 (SALK_019794), pip2;1 (SM_3_35928), pip2;2 (SAIL_169A03) single mutants.
For Brachypodium, seeds were cold-treated for 4-5 days at 4 °C, transferred to pots containing premixed soil (Sunshine Professional Blend LC1 RS; Sunshine) and kept under a tray dome for 2 weeks. Plants were fertilized once a week (technigro ® sunshine fertilizer, 0.66 g L −1
of water) and kept at the following conditions: long day (16 h light/8 h dark); 23-25 °C; 20-50% humidity, 150-250 µmol m −2 s −1 light. Plants were used 6-7 weeks after being transferred to pots.
Leaf preparation and gas exchange
For intact leaf gas exchange analyses using Arabidopsis leaves, petioles are first cut using a new razor blade and the cut surface of the petioles was immediately transferred to a petri dish filled and submerged in milli-Q water (Fig. 1aI) . Petioles are cut a second time under water using a razor blade. The second cut under water is a crucial step of the proposed technique and can be difficult to make. For the second cut it is recommended: (a) approximately one-third of the petiole should be cut but no more. Longer petioles are better for the following steps; (b) the razor blade should be positioned perpendicular to the petiole and at an oblique angle; (c) the cut should be made by gently moving the razor blade back and forth and not by pressing the blade against the petiole and (d) a microcentrifuge tube filled with milli-Q water and closed with plastic paraffin film (Parafilm M) should be prepared in advance. After the parafilm is placed on the tube, two holes are made using fine tweezers, one for the petiole and the second for adding the treatment to the water. After the second cut is made the petiole, with a droplet of water on its cut end, is immediately transferred to the microcentrifuge tube filled with milli-Q water (Fig. 1a, II) . The droplet on the end of the petiole is essential to avoid xylem embolism. Leaves are placed inside the gas exchange chamber (Fig. 1a, III) and equilibrated for 45-90 min to reach a stable stomatal conductance before the beginning of the experiments. Experiments were started at least 1 h after growth chamber light onset.
For intact leaf gas exchange in Brachypodium, the petioles are first cut 1.5-2.0 cm below the junction between two leaves using a razor blade and immediately placed in a petri dish filled with milli-Q water (Fig. 1b, I ). The second cut is made under water using a razor blade positioned perpendicular to the petiole and in an oblique angle and the petiole is transferred to a microcentrifuge tube filled with milli-Q water and closed with parafilm. A second pair of leaves is prepared as described above and added together to the first pair in the same hole in the microcentrifuge tube (Fig. 1b, II) . The leaves are taped together using surgical tape (micropore 3 M), leaving the middle area of the leaves free for placement into the gas exchange chamber (Fig. 1b, III) , where they equilibrate for 2 h before the beginning of the experiments.
Stomatal conductance to water (gsw) was measured using a portable gas exchange system (LI6400 and LI-6800, LI-COR, Lincoln, Nebraska) with the following conditions: the LED light source was set at 150 μmol m −2 s −1 (10% blue light), gas exchange temperature was 21 °C, relative humidity in the chamber was kept between 74 and 78% as high relative humidity is very important in these experiments for analyzing petiole-fed small molecules-induced stomatal closing. Airflow was set to 200 revolutions per minute (rpm) and the CO 2 concentration at 400 ppm. After allowing the stomatal conductance to settle at a steady state level, steady-state stomatal conductance was recorded for 10 min prior to the addition of the treatment at the indicated concentrations. The data represent N ≥ 3 leaves per genotype per treatment.
RT-PCR analysis of pip mutants
Total RNAs from 4-week-old plants were extracted using the TRIzol Reagent (Invitrogen, Carls-bad, CA, USA) or the innuPREP Plant RNA kit (Analytik Jena, Jena, Germany) and reverse transcribed using the M-MLV reverse transcriptase (Promega or Qiagen, Hilden, Germany) according to the manufacturer's instructions. The presence of functional transcripts was assessed by RT-PCR using primer pairs flanking the insertion site of each 
Stomatal aperture measurements
Three-week-old Arabidopsis plants were grown in a growth chamber at 21 °C at 70% humidity, 16 h light/8 h dark regime with a white light intensity 80 µmol m
. Leaf epidermal layers were pre-incubated in opening buffer (10 mM MES, 10 mM KCl and 10 mM CaCl 2 at pH 6.15) for 2 h in a growth chamber with a light intensity of 150 µmol m −2 s −1 at 21 °C and then incubated with buffers supplemented with 10 μM ABA for 1 h. Stomata were tracked, and apertures were measured using ImageJ. Stomatal assays were conducted as genotype-blinded.
Results
Intact leaf gas exchange enables time-resolved evaluation of ABA effects on stomatal movements
To monitor abscisic acid (ABA) responses in intact leaves, five-week-old leaves from wildtype (Col-0) plants were excised and the petioles were immediately submerged into water. Then, their petioles were cut a second time under water and placed in a microcentrifuge tube with the petiole tips submerged in water. Leaves were clamped in a gas exchange chamber for time-resolved measurements of stomatal conductance (Fig. 1a) . Leaves were equilibrated for 70 min inside the gas exchange chamber, before the addition of mock treatment or abscisic acid (ABA). ABA was applied to the water in the microcentrifuge tube in three final concentrations: 0.1, 0.5 and 1.0 µM. For all three concentrations tested, a decrease in stomatal conductance was observed within 5-10 min of ABA addition (Fig. 2a, b) . The slope of the stomatal conductance change (from 8 to 15 min after the addition of ABA) was calculated for all treatments and compared to mock treatments. All three ABA concentrations tested showed significant changes in the negative slope of the stomatal conductance when compared to the ethanol mock treatment (Slope of mock treatments: average = 0.0002 mol m Note that steady-state stomatal conductance values for the mock treatment in Fig. 2 are slightly higher than the values observed in ABA-treated leaves. This variation in steady-state stomatal conductance is often observed between plants grown at separate batches as done here (mock) [18] .
To test whether steady-state stomatal conductance levels were comparable between intact and cut leaves, the same three independent leaves from three plants were evaluated before and after cutting their petioles. Leaves were first equilibrated inside the gas exchange chamber for 70 min and stomatal conductance was recorded for 10 min in intact plants. The . b Data shown in a were normalized to the average of the first 10 min of stomatal conductance values recorded. ABA was added to the transpiration stream (red arrowhead). N = 3 leaves per condition ± SD as described above and inserted into the gas exchange chamber to again equilibrate for 70 min. Steady-state stomatal conductance of cut leaves was recorded for 10 min after equilibration in the gas exchange chamber and were very similar to steady-state stomatal conductance values of intact leaves (Fig. 3) .
The protein kinase "OPEN STOMATA1" (OST1) is a key component of ABA signal transduction in guard cells and the ost1-3 mutant is strongly impaired in ABAinduced stomatal closure [19, 20] . To measure ABA responses in intact leaves of the ost1-3 mutant, ABA was added to the microcentrifuge tubes containing WT (Col-0) or ost1-3 leaves at a final concentration of 2 µM. Stomatal conductance in ost1-3 leaves was not strongly affected by the addition of ABA, whereas the same treatment in parallel-grown WT (Col-0) leaves strongly reduced stomatal conductance (Fig. 4a) . The steady-state stomatal conductance of ost1-3 mutants before the treatment with ABA was higher than the steady-state stomatal conductance in WT under the imposed conditions from parallel grown plants (Fig. 4a) . To better compare and visualize the effect of ABA on stomatal conductance, the data were normalized to the average stomatal conductance values during the first 10 min, before the addition of ABA (Fig. 4b) . Together, these data suggest that the measurable decrease in stomatal conductance by the addition of ABA to the transpiration stream of intact leaves is mediated by ABA and this protocol enables analyses of the time-resolved ensemble average of hundreds of stomatal apertures in intact leaves in each experiment. Aquaporin pip1;1 pip1;2 pip2;1 pip2;2 quadruple mutant leaves show a WT-like response to ABA in intact leaves
Aquaporins are physiologically relevant water channels that facilitate the passage of water across cell membranes. As guard cells use cell turgor to regulate and fine-tune stomatal apertures, guard cell-expressed aquaporins play an important role in this process by facilitating water diffusion [21] [22] [23] [24] [25] . However, the large gene family of the plasma membrane intrinsic protein (PIP) aquaporins [26] have rendered it difficult to investigate the role of plasma membrane aquaporins in ABA-induced stomatal closing. Moreover, whether single mutant alleles in the pip2;1 gene impair ABA-induced stomatal closing remains a matter of debate [27, 28] .
We therefore generated a pip quadruple mutant (pip1;1 pip1;2 pip2;1 pip2;2) using the same pip2;1-2 mutant allele used in previous research [27, 28] . b Data shown in a were normalized to the average of the first 10 min of stomatal conductance values recorded. ABA was added to the transpiration stream (red arrowhead). N = 3 leaves per genotype ± SD lower in the single mutants used to generate the quadruple mutant, when compared to WT (Fig. 5a ). In stomatal aperture measurements using isolated epidermal strips, little difference was noted in response to ABA (10 µM) between pip quadruple mutant and WT leaves (One-Way ANOVA, p value > 0.05) (Fig. 5b) . However, the stomatal response in stomatal aperture experiments was quite small. In intact leaf gas exchange analyses, the steadystate stomatal conductance of pip quadruple mutant leaves was similar to WT leaves under the imposed conditions (Fig. 5c ). When ABA (2 µM) was applied to the transpiration stream of intact pip quadruple mutant leaves, a WT-like decrease in stomatal conductance was observed (Fig. 5c, d) . Our results show that intact quadruple mutant leaves of these pip aquaporins are highly responsive to ABA treatments in stomatal conductance and indistinguishable from the wild type response in intact leaves both in terms of the time-dependent kinetics of the response and the magnitude of the ABA response.
The defense elicitor peptide flagellin 22 leads to a rapid decrease in stomatal conductance when applied to the transpiration stream of Arabidopsis leaves
Microbe-associated molecular patterns (MAMPs) are molecules recognized by plants during pathogen infection that trigger several defense-related responses, which includes stomatal closure. The bacterial peptide flagellin 22 (flg22) is recognized by the FLAGELLIN SENSITIVE2 (FLS2) receptor kinase [29] and has been reported to lead to a stomatal closure response [30] , when nano-infused in Arabidopsis leaves [11] . To test whether the flg22 peptide could affect stomatal conductance in intact leaves, we applied 10 µM flg22 or mock treatment to the transpiration stream of Arabidopsis WT (Col-0) leaves. Flg22 peptide treatments clearly decreased stomatal conductance of intact leaves within 20 min, compared to mock treatment controls (Fig. 6 ). Our data confirm that the flg22 peptide is a strong regulator of stomatal closure and can be effective when applied to the leaf transpiration stream. These data suggest that the present method is suitable for evaluating the kinetic response of diverse molecules on stomatal conductance regulation in intact leaves.
Optimization of intact leaf gas exchange in grasses using
Brachypodium distachyon
Understanding the dynamics of stomatal movements in response to defined stimuli is relevant in many plant species, including in the grasses that have unique dumbbell-shaped stomata [31] . Although research on the reference plant, Arabidopsis thaliana, is crucial for developing knowledge of stomatal response mechanisms in dicotyledon plants, research is necessary to further our knowledge on stomatal responses in grasses. Recently, in the emerging model organism Brachypodium distachyon [32] , it was observed that stomatal subsidiary cells play a key role in enhancing stomatal responsiveness [33] , which can be best observed in time-resolved experiments.
In order to measure ABA-dependent stomatal closing in Brachypodium leaves, our protocol was adapted and optimized (Fig. 1b) . ABA or mock ethanol treatment were added to the microfuge tube and stomatal conductance was recorded. Approximately 5 min after the addition of ABA, a rapid decrease in stomatal conductance was observed and a new plateau was rapidly reached within 15 min (Fig. 7) . Our results suggest that this method for time-resolved kinetic evaluation of small molecules effects on stomatal conductance in intact leaves can be applied to different species with distinct leaf sizes and morphologies.
Discussion
Stomatal responses to external and internal stimuli are important for plant survival and quantifying these responses can be difficult. With the use of gas exchange analyzers, responses to a diverse range of stimuli, from light quality and light intensity to [CO 2 ] concentration changes, can be automatically controlled and stomatal conductance responses can be measured in time.
On the other hand, small molecules such as the plant hormone ABA and the bacterial peptide flg22 have major impact on stomatal physiology [11, 34] . However, to date there has been only limited use of automated techniques to robustly measure these responses. Here we provide detailed information for a simple method in which leaf petioles are placed inside a centrifuge tube containing water and leaves are clamped into a gas exchange chamber ( Fig. 1) for evaluation of stomatal conductance responses to small soluble molecules. With this technique, stomatal responses to ABA were measured in time and showed dose-dependency (Fig. 2a, b) . The steadystate stomatal conductance of leaves was measured before and after the cuts of the petiole and showed similar values (Fig. 3) , suggesting that the cut of the petioles pose little effect on stomatal conductance when following the described protocol. In addition, the petioles could be submerged in water for the first cut to avoid any xylem embolism and to possibly facilitate steady-state stomatal conductance recovery. ABA-dependent decrease in 2.0µM 0.0µM Fig. 7 Time-resolved analysis of stomatal conductance response to ABA in intact leaves of Brachypodium distachyon. Time-resolved stomatal conductance responses at the imposed ABA concentrations (0 and 2 µM) in wild-type Bd21-3 Brachypodium plants were analyzed using whole-leaf gas exchange. N = 3 experiments, 4 leaves in each experiment ± SD stomatal conductance was not observed when leaves from the ost1-3 mutant were treated with ABA (Fig. 4) .
To evaluate the contribution of four abundant plasma membrane aquaporins, we tested a pip (pip1;1 pip1;2 pip2;1 pip2;2) quadruple mutant's response to ABA in both epidermal peels and intact leaves. The expression of all four PIP genes affected in our mutants were evaluated using RT-PCR. This analysis confirmed the loss-of-function mutation of PIP1;2, PIP2;1 and PIP2;2, while a low expression of the PIP1;1 gene could still be detected in the pip1;1 mutant, probably through a partially correct splicing of the T-DNA insertion within an intron allele (Fig. 5a ). While stomatal aperture data indicate a possible, but non-significant, reduction in ABA-responsiveness (Fig. 5b) , in intact leaf gas exchange experiments the pip quadruple mutant leaves show WT-like responses to ABA (Fig. 5c, d) . The present data suggest that time-resolved measurements are more adequate for comparing genotypes due to the large dynamic range of the intact leaf response. These findings lie in contrast to a study that suggested dramatic impairment in ABA-induced stomatal closing in leaf epidermal peels of the same single pip2;1 mutant allele [27] . In contrast, another study showed intact ABA responses in the single pip2;1 mutant [28] , consistent with the present study. These data point to the hypothesis that even higher order pip mutants would be required to observe any noticeable phenotype in the ABA response when studying PIP contribution in a whole leaf context.
The bacterial peptide flg22 was reported to reproducibly induce stomatal closure in a SLAC1-dependent manner when flg22 was nano-infused in stomata [11] . Although this elegant technique clearly confirmed the effect of flg22 on stomatal closure, the effect of this peptide had not yet been investigated in stomatal conductance of intact leaves. When applied to the transpiration stream of intact leaves, flg22 peptide rapidly induced a decrease in stomatal conductance (Fig. 6 ). These data suggest that small peptides can travel through the xylem of leaves and reach guard cells, regulating stomatal aperture and gas exchange in intact leaves.
Similar techniques have been recently used to measure ABA-dependent stomatal closure in Arabidopsis [35] [36] [37] [38] and also in several other plant species such as Phoenix dactylifera [39] , Vicia faba [40] , tomato (Solanum lycopersicum) [41] and barley (Hordeum vulgare) [42] . In the present study we provide a detailed protocol for robust small molecule response analyses. In the case of grasses, the stomata are surrounded by subsidiary cells which respond to external and internal stimuli with changes in turgor pressure that are inverted with respect to the guard cell response. Furthermore, the subsidiary cells have been shown to maximize stomatal responses [33] . Measuring the effect of small molecules on stomatal conductance in grasses will be important towards understanding stomatal physiology in monocots. Our technique was optimized and rapid ABA-mediated decreases in stomatal conductance were resolved in intact leaves of the reference grass species Brachypodium distachyon (Fig. 7) . This allowed us to quantify not only the final magnitude of ABA responses, but importantly, the time course of the ensemble average of stomata in intact leaves could be resolved.
Conclusions
Understanding how guard cells respond to stresses and signals is a subject of interest in plant biology and numerous advances have been made. Signals that modulate stomatal movements and that can be controlled by gas exchange analyzers, such as light and CO 2 concentration, have been extensively investigated. It has become a standard in this field to include timeresolved data on stomatal conductance for stimuli that can be automatically adjusted. Here we present a detailed method applying small soluble molecules that has a substantially larger dynamic range than epidermal peel experiments and enables kinetic analyses. We recommend this approach for evaluation of stomatal conductance responses to small molecules, particularly in mutants which have intermediate phenotypes. The protocol is described in detail here and optimized for two key model organisms, Arabidopsis and the grass Brachypodium distachyon. 1 Cell and Developmental Biology Section, Division of Biological Sciences, University of California San Diego, La Jolla, CA 92093-0116, USA.
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